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probe  method  which  would  utilize*  a  dot  blot,  and  thereby  eliminate  the  need  for 
res^riction  digests,  gel  separation,  and  Southern  blotting.  Therefore,  we  have 
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the  species  specific  A.  gambiae  fragments  is  expected  to  provide  a  focus  for  fu¬ 
ture  efforts  to  identify  such  fragments  in  A.  arabiensis. 
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FOREWORD 

Studies  with  Recombinant  DNA:  The  investigator  has  abided  by  the  National  Insti¬ 
tutes  of  Health  Guidelines  for  Research  Involving  Recombinant  DNA  Molecules 
(April  1982)  and  the  Administrati ve  Practices  Supplements. 
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f INAL  REPORT 

1.  Statement  of  Problem  Under  Study.  Malaria  remains  the  most  common  disease  in 
the  world  today,  numbering  250-300  million  cases  at  any  given  time.  Among  the  92 
million  new  cases  each  year,  there  are  close  to  1  million  deaths,  nearly  all  of 
which  are  young  children.  Although  malaria  is  found  world-wide,  the  problem  is 
most  acute  in  subsaharan  Africa  where  the  disease  presents  an  enormous  obstacle 
to  social  and  economic  de  'el opment .  Although  malaria  was  eradicated  from  most  of 
its  original  temperate  range  in  the  1960s,  its  incidence  in  the  tropics  continues 
to  increase,  due  in  part  to  DDT  and  chloroquine  resistance  in  mosquito  popula¬ 
tions.  Today,  the  most  common  African  malaria  vectors,  Anopheles  gambiae  and 
Anopheles  arabiensis  < 1 ) ,  belong  to  the  Anopheles  gambiae  species  complex,  which 
contains  six  member  species.  All  of  the  species  are  morphological  1  /  indistin¬ 
guishable,  and  two  or  three  of  the  species  are  often  sympatric  over  most  of  their 
range.  The  species  differ  in  behavior  and  preferred  habitat.  Moreover,  there  is 
evidence  suggesting  that  the  two  major  vector  species  may  not  be  equally  involved 
in  malaria  transmission,  depending  upon  the  season  and  location  !2).  Therefore, 
one  of  the  requirements  for  epidemiological  studies  of  these  insect  vectors  is  to 
determine  whether  an  individual  female  mosquito  is  infected  with  the  malaria  par¬ 
asite,  and  also,  to  what  species  does  she  belong.  The  latter  consideration  is 
most  pressing  for  studies  of  habitat  and  reproductive  behavior  which  provide  in¬ 
formation  essential  for  the  design  of  various  control  strategies.  Thus  far,  the 
only  reliable  means  of  distinguishing  among  the  members  of  this  complex  were  dif¬ 
ferences  in  poly tene  chromosome  banding  patterns  as  observed  in  either  larval 
salivary  gland  or  adult  female  ovarian  nurse  cell  tissues  (3,4).  For  field- 
caught  specimens  a  female  would  have  to  be  blood  fed  at  least  once  by  the  experi¬ 
menter  to  insure  that  ovarian  nurse  cells  could  produce  the  degree  of  polyteny 
required  for  examination.  Moreover,  interpretation  of  the  chromosomal  banding 
pattern  requires  considerable  skill.  Another  method,  based  upon  the  frequency  of 
certain  isozyme  patterns  (5,6),  is  not  as  reliable  because  even  certain  diagnos¬ 
tic  alleles  are  found  in  both  species.  Moreover,  the  assay  requires  that  ex¬ 
tracts  of  fresh  or  frozen  specimens  be  run  on  polyacrylamide  gels.  Finally,  the 
A.  gambiae  and  A.  arabiensis  species  can  be  reliably  distinguished  by  virtue  of 
characteristic  HFLC  patterns  from  cuticular  hydrocarbons  l"7, 8),  but  the  method  is 
not  practical  for  large  numbers  of  specimens. 

2.  Background.  Many  of  the  major  malaria  vectors  are  members  of  species  com¬ 
plexes,  for  instance,  A.  cu.Hcif acies  (9),  A.  leucpsphyrus  (10),  and  the  A.  far  - 
auti  sibling  series  (11).  In  these  complexes,  as  well  as  in  the  A.  gambiae  com¬ 
plex,  reliable  species  identification  of  individuals  is  currently  tedious  and 
difficult.  Since  malaria  continues  to  represent  a  major  world  health  problem, 
epidemiological  studies  with  these  species  is  crucial.  The  proposal  hypothesized 
that  the  genomic  DNA  of  A.  gambiae  and  A.  arabiensis  currently  differs  in  ways 
that  would  permit  reliable  species  identification.  In  particular,  we  sought  to 
develop  a  species  differentiating  assay  based  upon  restriction  fragment  length 
polymorphism  as  detected  by  either  heterologous  or  Anopheles  probes. 

3.  Rationale.  Recently,  a  substantial  body  of  evidence  has  argued  that  RFLPs  ex¬ 
ist  between  members  of  closely  related  species  as  well  as  within  a  single  species 
(12,13,14).  We  expected  to  find  such  differences  between  A.  gambiae  and  A.  ara¬ 
biensis,  and  such  differences  should  provide  an  excellent  epidemiological  tool. 
The  major  advantages  of  a  DNA-based  assay  are  (1)  the  great  sensitivity  of  South¬ 
ern  analysis  so  that  single  mosquitoes  (or  parts  thereof)  could  be  examined,  and 
(2)  the  ability  to  use  dried  material  so  that  field  specimens  could  readily  be 
assayed.  In  order  to  find  a  diagnostic  RFLP,  we  suggested  using  heterologous 
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probes  such  as  the  highly  conserved  actin  sequence.  A  second  possibility  would 
be  to  use  mosquito  mi tochondrial  DNA  or  rDNA  for  RFLP  analysis.  Since  the  rDNA 
proved  most  useful)  its  properties  are  discussed  in  more  detail  below. 

The  rDNA  genes  of  most  eukaryotic  organisms  contain  spacer  regions  which)  al¬ 
though  transcribed)  do  not  appear  in  the  final  gene  product;  these  were  formerly 
called  NTS  ( non-transcr ibed  spacer)  regions.  Such  regions  have  been  shown  to  di¬ 
verge  rapidly  compared  to  the  rDNA  coding  sequences  and  even  single  copy  genes. 
Insect  rDNA  genes  also  contain  intervening  sequences  (IVS)  and/or  various  other 
moderately  repeated  sequences  (15).  These  introns  as  well  as  other  repeated  se¬ 
quences  are  similarly  much  more  free  to  diverge  than  are  coding  regions.  Quite 
possibly  these  IVS  could  diverge  so  much  that  they  could  lose  all  homn'ogy  to 
those  of  other  members  of  a  soecies  complex. 

The  rDNA  genes  have  another  advantage  because  thus  far>  dipterans  appear  to  have 
these  genes  present  in  at  least  200  copies  per  genome  arranged  in  a  few  large 
tandem  assays  (15).  Therefore)  the  rDNA  genes  possess  the  ability  to  yield  use¬ 
ful  RFLPs  as  well  as  species-specific  sequences)  both  of  which  would  be  the  basis 
for  a  diagnostic  assav. 

4.  Experiments  and  Results.  The  object  of  our  work  was  to  develop  a  fast  and  re¬ 
liable  single  mosquito  assay  to  distinguish  A.  gambiae  from  A.  arabiensis.  The 
first  strategy  was  to  determine  whether  certain  heterologous  probes  would  reveal 
a  diagnostic  RFLP.  The  second  strategy  was  to  search  for  diagnostic  RFLP  by  us¬ 
ing  mosquito  mitochondrial  DNA.  The  final  strategy  was  to  obtain  molecular 
clones  of  the  rDNA  genes  of  A.  gambiae  and  then  to  quickly  identify  non-coding 
portions  of  the  genes  (spacers  and  IVS). 

(A) .  Utility  of  heterologous  conserved  sequences.  Our  proposal  suggested  an 
initial  survey  of  heterologous  probes  known  to  be  highly  conserved  throughoi t 
various  phyla.  One  choice  was  the  Drosophila  actin  sequence  (16.17)  because  in 
addition  to  its  highly  conserved  sequence,  it  is  a  member  of  a  multigene  family, 
thus  giving  more  copies  per  genome  for  detection  of  single  mosquito  patterns  by 
Southern  analysis.  However,  in  our  preliminary  studies,  hybridization  with  the 
Drosophila  actin  probe  required  such  low  stringency  conditions  that  the  signal  to 
noise  ratio  made  the  blots  impossible  to  interpret.  We  quickly  decided  to  exam¬ 
ine  appropriate  mosquito  sequences  to  use  as  probes  for  distinguishing  RFLPs. 
Moreover,  since  our  long  term  goals  include  isolation  of  spec i es-spec i f ’ c  mos¬ 
quito  sequences,  we  did  not  examine  any  other  heterologous  probes. 

(B) .  Mitochondrial  DNA  probes  from  A.  gambiae.  Studies  of  mi tochondr i a  1  RFLPs 
have  been  used  to  construct  the  phylogeny  of  closely  related  species.  We  there¬ 
fore  decided  to  utilize  this  approach  for  A.  gambiae  and  A.  arabiensis.  We  ob¬ 
tained  a  clone  pDyHB  from  David  Wolstenhome,  bearing  a  4.8kb  Hindlll  fragment 
from  Drosophila  yakuba  which  includes  the  cytochrome  oxidase  I  and  II  genes. 

Since  these  genes  are  highly  conserved,  we  sought  to  use  this  fragment  to  iden¬ 
tify  a  homologous  sequence  in  A.  gambiae.  When  pDyHB  (shown  below  in  red)  was 
used  to  probe  A.  gambiae  DNA  restricted  with  various  enzyems.  Southern  analysis 
showed  a  small  number  of  hybridizing  bands. 


Gene  mao  of  tbe  lo,Gl9  nucleotide  pair  Orosooni I  a  yaxupa  mtONA  molecule.  7ne 
locations  of  tne  n»-r-ricn  region,  trie  origin  or  replication  (0),  and  in¬ 
direction  of  replication  ;R)  relative  to  £ccrtl  and  riinq[ H  restriction  sites 
(inner  circles)  -ere  determined  Py  electron  microscope  studies  (Fauron  ano 
Wolstennolne  li9/'6)  Aroc .  Natl.  Acad.  Sci  7  3 :2623-3o<?7 ;  (WdU)  .Vuci.  -c.;s 
Res.  3:2439-245.2;  Goddard  and  wo  l  stenno  ].me  (I960)  Nucl.  Acids  Res.  .•5:?4;- 
7  tj  7 ) .  tacn  t.RNA  cene  ^natcned  area)  is  identified  Oy  tne  one  lette1*  ammo 
acio  code,  ana  individual  serine  and  leucine  trtNA  genes  are  identified  Oy  tie 
codon  fan i  ly  (?n  parentheses)  »mcn  znetr  transcription  products  reccum:-?. 
Arrows  witnin  ana  outside  tne  molecule  indicate  tne  direction  of  transit pti on 
of  eacn  gene.  The  numoers  of  apparently  noncoding  nucleotides  -men  occur 
between  tne  different  genes  are  snown  at  tne  gene  boundaries  on  tne  inner  side 
?r  tne  gene  mao.  negative  numoers  indicate  overlapping  nucleotides  or 
adjacent  genes.  An  asterisk  indicates  an  incomplete  termination  ccaon  ,7  jr 
Ta) .  Tne  location  of  all  EcoRl  ,  Hindi  ll  ,  Cl  a  l  ,  3q1  1 1  and  <noi  restriction 
sites,  -nicn  -ere  used  to  ootam  tne  clones  or  segments  of  tne  0.  /anuoa  ntUMA 
molecule  from  -nicn  nucleotide  sequences  -ere  ootained  are  shown  on  tne  inner 
map.  The  letters  within  the  three  concentric  circles  identify  the  fragments 
of  tne  restriction  enzymes  Indicated  (references  attached). 


The  combined  molecular  size  of  these  bands  was  in  no  case  greater  than  that 
(1A-I7kb)  expected  for  the  mitochondrial  genome.  One  of  the  hybridizing  bands  is 
a  5.5kb  EcoRl  fragment  which  is  a  convenient  size  for  cloning  into  the  lambda- 
gtlO  vector.  We  therefore  electrceluted  5-6kb  DNA  from  a  preparative  EcoRl  di¬ 
gest,  ligated  the  fragments  with  lambda-gtlO,  and  packaged  the  phage  using  the 
commercially  available  "Gigapack."  The  resulting  miniliPrary  was  screened  using 
lowered  stringency  (hybridization  and  washing  at  4E°C)  with  the  pDYHB  probe. 

One  of  the  selected  clones,  MR7 ,  had  a  5.5kb  insert  which  was  used  for  further 
study.  Of  the  several  enzymes  tried,  the  most  interesting  differences  between 
gambiae  and  arabiensis  were  seen  with  PstI  digests  probed  with  MR7.  In  addition 
to  the  interspecies  difference,  there  was  also  a  suggestion  that  this  probe  mav 
be  useful  for  diagnosing  various  geographical  isolates  of  a  given  species,  such 
as  those  listed  in  table  1.  However,  we  did  not  investigate  this  interesting 
possibility  any  further,  because  we  questioned  whether  it  actually  represents  mi¬ 
tochondrial  CNA.  One  oossibility  would  be  that  it  is  actually  a  nuclear  DNA  se- 
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quence  containing  A  IRMA  also  present  (see  hatched  areas  above1  in  m  1  tcchondr  :  a . 
Since  tRNA  sequences  tend  to  be  highly  conserved.  i.he  D.  yakub  3  erode  could  h  a e 
selected  either  nuclear  or  mi tochondriai  senuence.  Me  round  teat  a  second  -ui  ;  i- 
cent  fragment,  oDvHC  (shown  in  urcsni ,  also  hybridizes  to  MP7 ,  which  indicates 
that  MR7  most  1  ifcel  v  is  a  mi  tochondr  lal  seauence.  However.  .-,e  J  i  d  not  c  bar  .sets’- - 
l ze  MR7  ar>v  further  and  therefore  we  cannot  make  definite  statements  concerning 
its  origin.  Reqardless  of  its  origin,  MR7  15  formally  equivalent  to  a  mitocron- 
dnal  probe  since  it  hvbridices  to  mitochondrial  DMA. 

In  summary,  we  found  interesting  differences  lie  tween  A.  qamo  1  z<>?  an:  j  A.  aradi- 
ensis  using  NR7.  However  .  the  Pst  I  pattern  differ5,itar  »’u  I  d  be  1  if *1  quit  to  in¬ 
terpret  with  confidence  if  one  were  using  single  ■  iosuu  1  toes .  Tt-ese  different: -5 
would  be  1 nappr oor i a te  in  any  case  for  a  general  diagnostic  test.  Me  might  nave 
then  cloned  other  portions  of  the  mosquito  m 1 tocncndr 1  a  1  uenome  r 0  see  if  a  more 
useful  Drone  could  be  fourd,  had  we  not  already  obtained  interesting  preliminary 
data  from  mosquito  rDMA  clones.  Thus,  we  began  tc  examine  rCMA  prcces  which 
night  be  mo-e  use'ul  as  potential  diagnostic  toois. 

iC' .  Isolation  of  a  diagnostic  cloned  rCMA  fragment.  An  A .  gambioe  genomic 
library  was  screened  with  a  Sciara  coprophiia  rDMA  clone  (18)  which  contains  me 
ccmolete  cistror.  Thirty-two  A.  gamoiae  r DMA-cont 3 1 n 1 rg  phage  were  isolated  and 
selected  for  further  analysis.  these  clones  were  restricted  with  various  enz.m-s 
ana  subjected  to  Southern  analysis,  in  order  to  find  noncqnser ved  regions  that 
might  be  used  to  reveal  differences  between  tne  species.  The  bints  were  there¬ 
fore  probeo  with  Sciara  rDNA  which  1  r.  not  e-oected  to  hybridize  to  fragments  from 
the  nonconserved  regions.  Restriction  fragments  from  such  regions  i those  not  r , - 
bridizinq  to  the  Sciara  probe)  were  then  isolated  from  pels  ard  used  to  prooe  ge¬ 
nomic  Southern  blots  of  A.  gamoiae  and  A.  arabieusis  DMA.  Clone  \A9rl2,  shewn  :n 
figure  1,  was  found  to  contain  a  0.591-b  EcoRi-Sall  restriction  fragment  which 
consistently  showed  a  different  pattern  of  hybr id  1 zat ion  to  A.  qambiae  versus  A. 
arab'.ensis  genomic  DMA. 
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Figure?.  XAgrl2  restnciion  map.  The  approximate  locations  of  the  I8S  and  28S  regions  were  determined 
by  hybridization  with  heterologous  Sciara'4  rDNA  (pBC2).  and  Calhphora "  rDNA  (pKB-42  and  pK.B-33). 
XAgrl2  contains  slightly  more  than  1  rDNA  cistron.  including  the  NTS.  The  dashed  line  indicates  weak 
hybridization  to  the  heterologous  probes.  The  0.59  Kb  EcoRl-Sall  restnciion  fragment  which  reveals  a  diagnostic 
restriction  fragment  length  polymorphism  between  A.  gamhiae  and  I  arabiensts  is  shown  as  a  darkened  bar. 


The  0.59kb  EcoRI-Sall  fragment  is  very  close  to  the  3’  terminus  of  the  28S  re¬ 
gion  of  the  mosquito  rDNA  cistron.  Hybridization  of  the  Sciara  and  Calliphora 
(15)  probes  is  very  weak  in  this  region,  suggesting  a  ’low  degree  of  conservat ion, 
yet  this  fragment  is  highly  conserved  among  different  geographic  isolates  of  the 
three  member  species  in  the  A,  gambiae  complex  first  examined.  EcoRi-Sall  geno¬ 
mic  digests  invariably  show  the  0.59kb  fragment,  and  there  is  no  evidence  for  de¬ 
tectable  levels  of  inter-c istronic  variation  in  either  of  these  two  restriction 
si tes. 


In  summary,  the  nrobe  onGrlE  shows  an  unambiauous  difference  between  A.  aam- 
biae  and  A.  araoiensis  as  well  as  A.  nelas. 

ID).  The  diagnostic  fragment  is  useful  *  or  si  ale  dried  mcsuui  ta®=  .  The 
0.59kb  fragment  was  subcloned  into  the  Sluescr  ids  TI13+  plasmid  ■  3t.'s'.ire>ra  C  : 
l  nq  Systems),  «nd  this  construct,  fAGrlcA,  nas  be-sn  used  to  probe  a  '  era-2  nu  t  .<■. 
cf  A.  aambiae  Comdex  colonies  ana  field  isolates.  The  A.  jambiae  tomolev  c  c  I  . 
nies  available  are  shown  m  table  ). 


Table  1.  List  cf  *osquito  strains  ava  lasle  fro-i  t^p  CZC. 
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Cr t  ^ i n 

V'-  Jan 

*  P  n  v  a 

j.imii 

*  env  a 

*»  1  '1 l*  r  l  a 

*  J  n  ;  a  n  :  a 
Zjn;  ;:h^ 


pec l ps 
.  lra^ie^sis 


Mosquito  genomic  DMA  was  isolated  from  indi/iJuai  mosquitoes  wmet  wore  s;  no  i  y 
dessicated  at  room  temperature  in  the  presence  of  anhydrous  calcium  sulfate.  ENA 
from  individual  mosquitoes  or  mosquito  abdomens  was  isolated  by  a  simple  protocol 
(19),  digested  with  EcoRl,  separated  on  a  0.7'/.  aoarose  gel,  transferred  to  Gene- 
Screen  Plus  (NEI4  Research  Products),  and  then  probed  with  nick-translated 
pAGrlSA.  A.  gamoiae  mosquitoes  from  both  east  and  west  Africa  shew  a  single, 
consistent  pattprn  of  hybr ldi zat ion  to  a  l.Akb  fragment,  and  this  is  illustrated 
in  figure  3a. 
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Figure  U  Hybnduauon  of  oAgrlCA  to  EcoRI  di- 
irsts  ot  single  dred  female  mosauicocs.  Species  and 
geoeraontc  oriem  of  specimens  are  as  follows:  111  d. 
mom  (  t  he  Gambia).  (C)  I  jrjtvcnus  (Sudan.  SEN- 
NAR  colonv),  (3)  .1.  aracienm  iSudan.  G/MAL  coi- 
onv).  (4)  i  urarn’nsis  I Kcnvai.  1 3)  .1.  araownsts  i Uur- 
kina  hasoi.  (0)  .3.  pinnae  (  Tanzania),  ( ') tiumnme 
(Zlan/ioari.  tS)  A  wmniie  > Kensai.  tQ)  -I.  mammae 
(Nigeria).  jnd  1 10)  A  ^amruc  I  1  he  liamou.  G3  col¬ 
onv  i. 


2.3  - 
2.0  - 


0.55  “ 


FlOl  RF.  IS.  Hybridization  ot’pAGrl  2A  to  LjoK  l  di- 
v.cst’i  or  I>N  A  extracted  from  smcic  icmaic  mosuuiincs 
Species  and  geographic  oninn  or  penmens  arc  as  ?ol- 
Iivas  |>?  tneus.  The  Gambia;  Ui.  gambiae.  Zar./inar, 
In  jrj^icnsts.  Sudan  < C i  M  -\L  colons  and  SLNN  o-;- 
nn\  i  and  l/i  uuJJ^unnusMuy  mosquitoes  ire-m  ;so- 
■ernaic  ramiircs. 


This  fragment  corresDonds  to  the  l.akb  seament  of  AGrlc  deli.ru  ted  by  the 
EcoRI  site  in  the  probe  and  the  nest  EcoRI  site  downstream  of  the  E3S  il  coding 
region  in  the  spacer  region.  None  of  the  more  than  1000  individual  A.  gambiae 
examined  from  colonies  representing  9  geographically  different  field  isolates  re¬ 
vealed  any  variation  in  this  region.  All  the  A.  arabiensis  examined  to  date, 
representing  isolates  from  four  different  geographic  areas,  showed  a  cluster  of 
EcoRI  fragments  in  the  6-8kb  range  which  contain  segments  homologous  to  pAGrlEA. 
We  also  examined  one  available  A.  melas  colony  which  showed  a  cluster  of  bands 
centered  around  3.5kb.  No  individuals  from  the  A.  arabiensis  and  A.  melas  colo¬ 
nies  have  been  found  with  the  l.Akb  A.  gambiae  type  fragment.  Multiple  bands  of 
hybridization  in  A.  arabiensis  and  A.  melas  are  probably  due  to  i nter-cistron i c 
variation  in  the  spacer  region.  In  addition,  a  fourth  member  of  the  complex,  A. 
quadrjannulatus,  is  clearly  distinguished  by  the  probe,  giving  a  consistent  2.3Kb 
EcoRI  band,  as  illustrated  in  figure  3b.  Therefore,  the  probe  to  pAGrl2A  can  be 
used  to  examine  populations  where  2,  3,  or  A  of  the  species  are  found. 


In  summary,  the  diagnostic  difference  revealed  by  the  probe  pAGrl2A  was  found 
without  exception  i n  individual  mosquitoes.  Fur  then ,,  spec l mens  dessicated  by  a 
very  simple  method  -.how  no  evidence  of  1)NA  denrarla  t  i  on  even  when  stored  at  room 
tempera ture  for  as  lung  as  one  year.  Moreover,  in  other  preliminary  experiments 
f rund  that  other  life  stages  such  as  second  ir.star  larvae  and  pupae  (end  c'jvi- 
:usl,  be  th  ceres)  are  read:'./  -.cored  /  the  DVA  probe. 


(E!.  3°  M  ag.  c-e  t  .  c  p  -  obe  is  sex  !:  led.  Ci  ga<il  cation 

pears  to  be  the  same  in  both  males  and  females,  as  judged 


■j  f  the  i  2NA  nit.-;; 
by  Southern  blots  of 


male  and  female  DMA.  However,  the  intensity  nf  hybridization  of  pAGrt2A  to  c  c- - 
nomic  Southern  blots,  as  shown  in  figure  h  ,  indicates  that  males  have  a  small--:- 
number  of  total  ccoies,  which  is  evoected  if  the  -  DMA  genes  reside  cn  the  X  ;r.r 
"10  SO  me.  A.  gamb 1 ae-A.  arabiensis  hybrid  female  nosauitoes  reared  11  the  1  abc  t  v 
torv  contain  bcth  of  the  parental  tvoes  of  .DMA  ■:«  strons  •  F  iy .  A:.  ‘-'ale  hyb-  i  3 
on  tne  other  hand,  show  the  cistron  structure  of  the  female  parent,  i  vJicati  -q 
that  the  rRNA  penes  are  located  on  the  X  chromosome.  'his  finding  .li-  ectly  .-.ss 
ciates  the  diaanoscic  probe  with  that  oart  of  the  nosaui  to  gene  me  ;  the-  '<  chrc’u 
some)  currently  used  as  the  basis  for  cvtocenetic  soeciation. 
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F'1'1  h'4'  Uxbriiii/aiian  at  pAgrlZA  to  smcic  dried  male  and  female  mosquitoes  or  mosquito  abdomens, 
l  ane  M  i  I  e.:o:  lemale  .1  (  temaie  i  Pleodicd »  i  it  I  eum/w.v  temaie  landomen  onh  i.  Ml  ) 

“i''  l''1  1  — ' 1  ,  temaie.  |hl  I  .:r.:r-t c'lV'  male.  i"l  I  n:ciu\  temaie.  im  I  n ic/.n  male,  nil  i 

■'  I  an.-.-.eee  i  hi  hrid  temaie.  i  |i>) . I  yu/w.-./r-  -I  jrj/v,xm  Inbrid  male.  (II)  I.  „'Wviv,'i«..|  e..v>.,'v..'e 
in  bnd  temaie.  and  ( 1  2)  {  i  ejiihur  hi  bud  male,  female  parent  is  listed  first  lor  all  hsbrids.  USA 

ironi  a  sincie  .lixtomen  is  clearls  mote  than  sulliciem  to  make  a  species  identiticanon.  furthermore.  the  presence 
ol  a  blond  meal  in  the  abdomen  does  not  signtiicamls  reduce  DN  \  >  icld.  Dessicated  indn  idual  pupae  and  larsae 
(all  insiars  except  the  hrsii  can  also  be  readils  speuated  idaia  not  shown)  DN  A  extraction'"  and  h\bnd:/alion 
are  as  described  for  fig.  2.  Lanes  1-8  ssere  exposed  to  film,  IV  hr;  lanes  y-13,  6  hr. 


(F).  The  DNA  probe  method  is  compatible  with  the  sporozoite  assay  and  is  use 
ful_  for  blood  meal  analysis.  In  order  to  determine  whether  the  probe  could  be 
used  to  assay  single  mosquitoes  which  are  also  assayed  for  the  presence  of  the 
malaria  parasite,  we  obtained  a  number  of  field  specimens  which  had  been  dessi¬ 
cated  for  at  least  1A  months.  The  mosquitoes  were  cut  so  that  Dr.  Collins  re¬ 
tained  the  head  and  thorax  ;or  the  sporozoite  assay  (20)  and  we  tested  the  abdo 
mens.  The  results,  shown  in  Table  2,  indicate  that  the  diagnostic  probe  can 
readily  distinguish  species  using  only  part  of  a  dried  specimen. 
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Table  2.  Testing  field  specimens  from  A.  qamou  complex  mosquitoes 
collected  in  Asemoo,  Kenya*  OctoDer  1965. 


Abdomens  from: 


Species 

A.  qamtna  A.  ar ab  ieos  1  s 


DMA 
no  t 

r eaaao  1  e 


Plasmodium  falciparum 

infected  mosquitoes  *»7  (7554)  17  (r7‘/. >  8 


Uninfected  mosquitoes  78  (^9'f. )  80  (51’/.)  19 


Note:  percentaoes  are  based  on  specimens  wMcn  were  identified  as  to 
species.  The  sporozoite  assay  and  Dt% A  prooe  assay  were  performed  in 
Decemoer  198b. 


The  proportions  of  gambiae  and  arabiensis  in  Asembo  which  we-  found  are  similar 
tc  those  found  by  other  workers.  Pince  these  specimens  were  quite  old  amp  d;d 
these  experiments  at  a  time  when  our  DNA  extraction  procedure  nad  not  beer,  opti¬ 
mized,  there  are  an  unacceptable  number  of  unreadable  individuals,  show  m  Table 
1.  Since  then,  however,  we  have  had  few,  if  an,,  unreadable  abdomens  'non  tne 
specimens  so  treated. 

A  second  important  consideration  for  a  diagnostic  probe  is  whether  it  is  com¬ 
patible  with  blood  meal  analysis.  The  DNA  extraction  protocol  whip;,  we-  currently 
use  allows  blood  meal  analysis:  A  single  mosquito  (or  portion  thereof'1  is  homo¬ 
genized  in  a  1.5ml  plastic  Eppendorf  tube1  (using  a  conical  glass  pestle'-  with 
50h1  .08M  NaCl,  .16M  sucrose,  .OcM  EDTA,  .5V.  SD3,  .  1 M  Tris-Cl,  pH  6.6.  The  homo¬ 
genate  is  incubated,  65°C,  30  min!  8M  potassiun,  acetate  is  added  to  a  final  con¬ 
centration  of  1M.  After  incubation,  4°C,  30  min,  and  centr i fugat ion  at  room  tem¬ 
perature,  12,00Gxg,  10  min,  supernatant  is  removed  to  a  fresh  tub?  and  the  pellet 
is  saved.  IOOhI  95’/.  ethanol  is  added  to  the  supernatant  and  centrifuged  again, 
12,000xg,  10  min.  After  discarding  the  supernatant,  the  DNA-containiny  pellet  is 
washed  with  70V.  ethanol,  dried  and  resuspended  in  16Fl  lOmM  Tris,  IrrM  EDTA,  pH 
8.0.  The  first  (potassium  acetate)  pellet  contains  most  of  the  protein.  Dr. 
Collins  has  examined  this  protein  pellet  from  a  number  of  the  infected  specimens 
listed  in  Table  1  for  blood  meal  IgG  and  it  can  be  readily  scored  for  the  blood 
meal  source,  using  commercially  available  methods  (21).  Moreover,  Dr.  Collins 
has  also  found  that  the  Plasmodium  c l rcumsDorozo i te  antigens  can  also  be  detected 
in  this  protein  pellet  with  no  apparent  loss  of  sensitivity. 

(G).  The  DMA  probe  method  arid  0DH  isozyme  method  give  the  same  results.  The 
important  strategy  we  employed  in  comparing  the  methods  was  to  test  isofemale 
families.  For  these  experiments  female  mosquitoes  collected  b.  Dr.  Collins  in 
western  Kenya  (Ahero,  Asemfao,  and  Gombe)  and  one  coastal  area  (Sabaki)  wei e  used. 
These  are  heavily  infested  areas  where  the  two  species  are  known  to  be  sympatric. 
Ahero  is  an  irrigated,  rice-qrowing  area  on  the  Kano  plain  approximately  10km 
east  of  the  city  of  Kisumu.  Previous  studies  of  the  mosquito  fauna  of  this  loca¬ 
tion  have  shown  that  most  of  the  A.  gambiae  complex  mosquitoes  breeding  in  the 
rice  fields  are  A.  arabiensis  (22).  Asembo  is  a  farming  community  located  on  the 


north  shore  of  Lake  Victoria,  approximately  45km  west  of  Kisumu.  Gombe  is  a  sim¬ 
ilar  community  located  at  a  slightly  higher  elevation,  roughly  20km  north  of 
Asembo.  The  upland  Gombe  terrain  is  considerably  more  hilly  and  has  a  longer 
rainy  season  than  either  Asembo  or  Ahero.  Eoth  A.  gambiae  and  A.  arabiensis  have 
been  reported  from  these  areas  (22).  Sabak  i  is  a  small  coastal  village  approxi¬ 
mately  170km  north  of  Mombassa.  Using  chromosomal  methods  of  species  determina¬ 
tion,  Mosha  and  Subra  (23)  reported  only  A.  gambiae  and  A.  arabiensis  in  this 
area.  All  sites  fall  in  the  Sudan-Savannah  ecological  zone.  The  western  ken/ a 
collections  were  made  during  mid-May  1986,  approx i ma tel y  6  weeks  after  the  onset 
of  the  major  rainy  season:  mosquitoes  were  collected  in  Sabaki  during  mid-August 
1986,  a  considerably  drier  season.  Gravid  specimens  were  placed  individually  in 
cotton-covered,  7-dram  vials.  After  aviposition,  the  vials  were  capped  and 
shipped  back  to  the  CDC  insectaries  for  rearing  as  isofemale  families.  The 
Sabaki  larvae  were  subjected  to  salinity  testing  to  screen  for  the  presence  of 
the  brackish  water  breeding  member  of  the  complex,  A.  merus,  but  none  were  found. 
Some  mosquitoes  from  each  family  were  analyzed  for  ODH  isozymes  (EC  1.1.1.73)  by 
po 1 yacr y 1  ami de  gel  electrophoresis  (PAGE)  in  Dr.  Collins’  laboratory.  Five  dif¬ 
ferent  ODH  alleles  were  found  among  the  specimens  examined:  most  of  the  fre¬ 
quently  encountered  allele  combinations  are  illustrated  in  figure  5. 
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Fic.  5.  Oetunol  dchvifrocenjse  electromorpm  found 
in  the  Kenya  held  samples.  Lane  i.  .-1.  arainens is  from 
the  C/MAL  coionv;  lanes  2-3.  .A.  arabiensis  from  Ahero. 
lane  4.  an  A.  arabiensis  iG.’MAL)  x  A.  gaminae  iG3) 
hybrid  produced  in  the  laboratory,  lanes 5-7.  A.  gaminac 
from  the  CO-66  coionv  established  with  specimens  col¬ 
lected  in  Combe. 


The  number  system  used  to  identify  the  alleles  follows  Miles  (23).  The  A. 
gambiae  reference  colony  16C/SS  used  by  Miles  was  employed  to  identify  allele 
100.  Identities  of  other  alleles  were  inferred  from  relative  mobilities  and  pub¬ 
lished  allele  frequencies.  ODH-98,  which  we  found  only  in  specimens  from  western 
Kenya,  has  not  previously  been  described.  This  number  is  assigned  on  the  basis 
of  its  mobility  relative  to  ODH-95  and  ODH- 100.  The  allele  was  present  in  15  of 
168  families  examined  (one  family  from  Asembo  was  homozygous  for  the  allele), 
thus  it  is  clearly  not  rare.  Because  of  the  small  differences  in  their  relative 
mobilities,  DDH-9B  may  not  have  been  differentiated  from  0DH-100  in  previously 
published  work  that  used  either  starch  gel  or  nonstacking  FAGE  gel  systems. 

The  most  frequent  ODH  allele  in  A.  gambiae  populations  is  0DH-1C0.  although 
0DH-105  and  ODH-95  have  been  observed  in  relatively  low  frequencies.  A.  arabieri- 
sis  populations  are  typically  charac ter i zed  by  the  ODH-95  allele,  with  low  fre¬ 
quencies  of  0DH-90  and  0DH-100.  Thus,  specific  ODH  alleles  do  not  absolutely 
identify  soecies  (A.  gambiae  versus  A.  arab i ensi s ) ,  but  genotypes  that  do  not 
contain  the  shared  alleles  can  be  used  to  separate  the  species  with  a  very  high 
degree  of  reliability. 
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The  DMA  probe  method  of  d i s 1 1 nqu i  sh 1 nq  species  provides  a  less  awoiquous  re¬ 
sult.  All  A.  gambiae  specimens  consistently  produce  the  same  distinct  pattern  of 
hybridization.  Figure  6  shows  nine  individual  specimens  from  the  Ahero  and  Gumoe 
samples  tested  bv  the  DMA  probe;  individuals  2.  7,  and  3  are  scored  as  A.  oam- 
biae*  while  the  other  six  are  A.  arabiensis. 
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Fie.  b.  Hvbruhzation  of  the  pAclldA  prcho  to  l-.coKf 
dittests  nclil-coilvctrti  specimens.  Lancs  1  -").  imiisuinai 
mosquimes  trotn  uilfcrrm  Ahero  umiiies,  lanes  t>-9.  in- 
divtuuais  from  Guntur  families. 


The  results  for  specimens  and  families  analyzed  bv  both  DMA  probe  and  uDH  iso¬ 
zyme  are  presented  in  Table  3.  The  individual  mosquitoes  from  Sabaki*  which  were 
split  into  two  portions  and  analyzed  by  both  methods*  clearly  show  that  the  DMA 
probe  and  enzymatic  methods  divide  the  sample  in  exactly  the  same  way.  All  indi¬ 
viduals  with  QDH-100  or  0DH-105  alleles  test  as  A.  gambiae  by  DNA  probe?  those 
with  ODH-95  have  the  A.  arabiensis  DMA  pattern. 
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Tablp3  .  DNA-probe  an<i  Odh  <su/.vme  analyses  of  A. 
gambiae  complex  mosquitoes  Irom  Kenya 


R«ul(i  for  material  from  Ahern  Aiemho  ami  n.unbe  reo- 
IT*''"  jnaUiis  ol  ji  leu«  two  mommlm  Irom  ,-jcn  lamilv  t„r 
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Specimens  from  the  western  Kenya  locations  were  treat-ad  so  that  individuals 
from  each  isofemaie  family  were  analyzed  either  by  DNA  probe  (two  individuals/ 
family)  or  ODH  isozyme  (two  or  three  individuals/family).  Of  the  41  different 
families  so  analyzeds  none  showed  any  wi th i n-f ami  1 y  variation  in  the  DNA  probe 
hybridization  pattern.  Furthermore)  only  the  expected  1.4kb  or  6-8kb  bands  of 
hybridization  were  observed. 

All  the  previously  cited  studies  of  ODH  alleles  in  field  specimens  of  A.  gam¬ 
biae  and  A.  arabiensis  indicate  that,  with  near  certainty)  families  with  only  the 
0DH-100  or  ODH-105  alleles  can  be  classified  as  A.  gambiae  and  families  with  only 
the  0DH-90  or  ODH-95  alleles  are  A.  arabiensis.  Indeed)  the  20  families  from 
AherO)  AsembO)  and  Gombe  with  the  A.  gambiae  isozyme  types  show  the  DNA  probe 
pattern  diagnostic  of  A.  gambiae.  Also)  the  six  families  with  only  alleles  0DH- 
90  or  ODH-95  are  identified  by  the  probe  as  A.  arabiensis.  The  fifteen  families 
with  other  combination  of  ODH  alleles  cannot  be  assigned  to  species  on  the  basis 
of  their  isozyme  pattern.  However*  the  DNA  probe  test  of  these  families  indi¬ 
cates  that  14  of  the  15  are  A.  arabiensis,  a  finding  that  is  consistent  with 
those  of  Miles  (24)  and  others  who  have  reported  considerably  higher  frequencies 
of  ODH  isozyme  polymorphism  in  populations  of  A.  arabiensis  than  A.  gambiae. 

None  of  the  more  than  200  individuals  examined  in  this  study  gave  a  DNA  probe  re¬ 
sult  that  would  suggest  an  interspecies  hybrid. 


In  summary)  in  the  112  individual  specimens  from  Sabaki  and  the  26  families 
from  the  western  Kenya  sites  where  isozyme  results  permit  a  reliable  species  di¬ 
agnosis  to  be  made,  the  results  are  in  agreement  with  those  provided  by  the  DNA 
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probe.  While  this  consistent  pattern  does  not  represent  an  absolutely  unarabigu 
ous  validation  of  the  DNA  probe  method  of  species  determination,  it  does  provide 
very  strong  support.  This  is  especially  obvious  in  the  mosquitoes  from  Sabak i  , 
where  the  two  methods  subdivide  the  sample  identically. 

(H)  Comparison  of  DNA  probe  and  cytogenetic  methods . for  ..distinguishing^. 

aambiae  from  A.  arabiensis.  Since  the  chromosome  method  provides  the  primary 
means  for  unambiauous  differentiation  of  species.  Dr.  Collins  arranged  to  collab 
orate  with  Dr.  Vincenzo  Petrarca.  at  the  University  of  Rome,  who  is  exper,  at  the 
chromosomal  diagnosis  of  these  species.  Individual  gravid  females  collected  in 
Kenya  and  Zimbabwe  by  Dr.  Collins  were  dissected  so  that  ovaries  were  placed  in 
Carnoy's  solution  for  chromosome  squashes.  Dr.  Petrarca  prepared  squashes  m  his 
laboratory  and  scored  them.  The  carcasses  were  dried  and  brought  to  Emory  for 
testing  with  the  DNA  probe. 

The  Kenya  specimens  were  collected  from  Asembo  and  Ahero,  where  prior  studies 
(22,23)  indicate  A.  gambiae  and  A.  arabiensis  are  present.  The  other  specimens 
were  collected  from  the  shore  of  the  Lundi  River,  from  a  single  site  in  southern 
Zimbabwe,  where  A.  arabiensis  and  A.  quadr i annul  at y.s  have  been  identiTiea. 

The  results  are  shown  in  Table  4: 


Tabled.  Results  of'  comc*r  t  ton  of  1>XA  end  Cytoarnecie  methods  of 
identifying  cue  soecies  of  field  collected  specimens  01  in*  in»nnt i r s 
li«ont  comoiet.  All  specimens  were  h*lf-«ravtd  females.  Abdomens  were 
preserved  »n  modified  Carnoy's  fixative  for  subsequent  analysis  of  ovarian 
nurae  cell  polrtene  cnromosomea,  peso-thorax  portions  were  desiccated  in 
the  presence  of  anhydrous  calcium  sulfate  for  later  Uxa  extraction  nnd 
testing.  only  specimens  with  readable  polyiene  cnromosomea  were  mated  by 


the  DNA-probe  method. 
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All  of  the  specimens  from  Kenya  matched  except  for  two,  which  were  mosquitoes 
numbered  132  and  133.  We  believe  that  these  exceptions  are  due  to  a  mix  up  o 
samoles  because  it  is  highly  unlikely  that  adjacent  tubes  would  contain  the  only 
two  exceptions,  and  these  two  were  therefore  dropped  from  the  study.  Three  o 


the  chromosoma  1 1 y  scored  A.  gambiae  showed  bands  diagnostic  for  both  species  (6- 
8kb  and  1.4kb),  but  we  believe  these  resulted  from  partial  digestion  rather  than 
that  they  are  indicative  of  hybrids.  Approximately  977  of  the  cv  toqenet  ical  1  v 
identified  specimens  were  also  identified  with  the  DNA  probe.  In  9  of  the  257 
samples,  the  DNA  had  been  degraded,  possibly  due  to  entry  of  moisture  into  the 
microfuqe  tube  containing  the  carcass.  Such  degradation  is  evident  in  the  dis¬ 
tribution  of  DNA  fragaments  in  the  agarose  gels. 

The  mosquito  chromosome  squashes  were  also  categorized  as  to  the  type  of  vari¬ 
ous  polymorphic  chromosomal  inversions,  which  are  characteristic  of  each  species 
and  are  reported  to  exist  in  certain  frequencies.  The  data  from  this  aspect  of 
the  study  showed  that  there  was  general  agreement  between  observed  and  expected 
frequencies  of  these  rearrangements.  These  data  will  be  reported  in  detail  else¬ 
where  (see  bibliography  of  publications  supported  by  this  contract)  and  are  not 
treated  here. 

In  summary,  977.  of  the  cytogenet ical ly  identified  specimens  could  also  be 
identified  with  the  DNA  probe,  and  in  every  case  the  DNA  probe  and  cytogenetic 
methods  of  species  identification  produced  concordant  results. 

<I).  Possible  use  of  species-specific  rDNA  sequences  for  dot  b 1 o t_  assay.  As 
was  detailed  earlier,  a  dot  blot  assay  would  eliminate  the  need  for  running  and 
blotting  gels,  the  use  of  restriction  enzymes,  and  possibly  olso  obviate  the  need 
for  a  radioactive  probe.  During  the  latter  portion  of  the  contract  period,  we 
explored  the  possibility  that  some  of  the  A.  gambiae  cample:.  rDNA  genes  could 
contain  spec les-specif ic  sequences.  In  particular,  certain  dipterans  are  known 
to  have  some  rDNA  genes  which  contain  seouences  (IVS)  that  interrupt  the  BBS  cod¬ 
ing  region.  These  TVS  should  be  unoer  fewer  selective  pressures  than  other  por¬ 
tions  of  the  rDNA  genes  and  could  therefore  contain  seauenct^  which,  under  normal 
DNA  hybridization  conditions,  behave  in  a  spec l es-spec i f i c  manner.  We  thergfcg 
searched  for  a  possible  IVS-contai ni nq  rDNA  clone  in  A.  gambiae.  Approximately 
15  of  the  previously  identified  rDNA  clones  were  subjected  to  Southern  analysis 
and  probed  with  genomic  DNA  from  A.  arabiensis.  We  therefore  identified  a  clone, 
AGr23,  which  contained  two  EcoRI,  Sail  fragments  which  were  not  recognized  bv  the 
arabiensis  DNA  probe.  This  clone  (and  AGrl2)  was  more  carefully  mapped  and  the 
results  are  shown  in  figure  7. 
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figure  7.  Restriction  maps  of  lambda-AgrlB  and  1 ambda-Agr23 .  Eoth  clones 
are  shown  to  illustrate  the  (probable)  position  of  the  IVS.  As  in 
other  dipterans  the  IVS  interrupts  the  2GS  coding  sequence.  Another 
feature  of  the  rDNA  genes  is  the  internal  transcribed  spacer  (ITS). 
The  spec l es-soec i f i c  fragments  pAGrEBA  and  pAGr23B.  as  expected,  do 
not  contain  coding  region. 
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The  putative  species-specific  fragments,  shown  as  pAGr23A  and  pAGr23B,  were 
subcloned  into  Bluescript  M13  (Stratagene  Cloning  Systems)  and  were  then  used 
separately  to  probe  Southern  blots  containing  single  mosquito  digests.  All  of 
these  mosquitoes  were  diagnosed  as  to  species  using  the  pAGrlPA  probe.  About  500 
individuals  were  tested  in  this  way,  and  we  found  that  only  the  A.  gambiae  indi¬ 
viduals  were  positive  with  pAGr23A  or  pAGr23B;  i.e.,  some  gambiae  individuals  re¬ 
acted  with  only  one  of  the  two  I  VS  probes.  The  DNA  of  A.  mel_as,  A.  merus,  and  A. 
quadr i annul atus  did  not  react  with  either  probe.  We  found  that  there  is  indivi¬ 
dual  variation  in  the  intensity  of  hybr id i zat i on.  This  is  expected  since  other 
dipterans  are  known  to  possess  variable  numbers  of  such  I VS-contai ni ng  genes 
(25). 

In  summary,  the  two  A.  gambiae  sequences  (in  pAGr23A  and  pAGr23B)  behave  as 
species-specific  probes  under  the  conditions  normally  used  for  DNA  hybridization. 
These  sequences  could  be  used  to  design  specific  probes  for  dot  blot  diagnosis  of 
the  proportion  of  A.  gambiae  individuals  in  a  population.  Similarly,  these  ex¬ 
periments  strongly  suggest  that  analogous  ar ab i ensis-spec i f l c  sequences  could  be 
obtained,  and  thereby  allow  diagnosis  of  both  species  from  a  single  dot  blot 
ana  lysis. 
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